Ralston and Ralston Activity of spinal interneurons and their effects on forearm muscles 1985; Robinson et al. 1987) . Spinal interneurons appear during voluntary wrist movements in the monkey. J. Neurophysiol. to integrate convergent supraspinal and peripheral afferent 80: 2475-2494, 1998. We studied the activity of 577 neurons in information and distribute appropriate signals to motoneuthe C 6 -T 1 spinal cord of three awake macaque monkeys while rons to activate muscles in coordinated patterns (Baldissera they generated visually guided, isometric flexion/extension torques . about the wrist. Spike-triggered averaging of electromyographic Although mammalian spinal pathways have been examactivity (EMG) identified the units' correlational linkages with ined extensively since Sherrington's reflex studies in the°12 forearm muscles. One hundred interneurons produced changes in the level of average postspike EMG with onset latencies consis-early 1900s (Sherrington 1910) , virtually all physiological tent with mono-or oligosynaptic connections to motoneurons; investigations have been performed in anesthetized or rethese were classified as premotor interneurons (PreM-INs). Most duced preparations. Of the few descriptions of interneuron PreM-INs (82%) produced postspike facilitations in forearm musproperties in awake animals, most concern sensory responses cles. Earlier spike-related features, often beginning before the trig- (Bromberg and Fetz 1977; Cleland and Hoffer 1986 ; Collins ger spike, were seen in spike-triggered averages from 72 neurons. et Courtney and Fetz 1973; Soja et al. 1996 ; Sorkin Postspike effects were present in one muscle for 64% of the PreMet al. 1988; Wall et al. 1967). Other studies have reported INs. Neurons with divergent linkages to larger ''muscle fields'' the activity of some spinal interneurons during fictive locousually generated postspike effects in synergistic muscles. Fiftymotion and scratching (Berkowitz and Stein 1994; Jordan eight percent of the PreM-INs had postspike effects in flexor muscles only and 29% in extensor muscles only. Postspike effects were 1991; Terakado and Yamaguchi 1990) or inferred the activdistributed relatively evenly among the primary flexor and extensor ity of interneurons during normal movements from analyses muscles studied. The mean percent change in EMG level from of muscle responses, limb kinematics, or force (e.g., Nielsen baseline and the mean onset latencies for postspike facilitations and Kagamihara 1992; Pierrot-Deseilligny 1989; Shefner et and postspike suppressions were similar. PreM-INs exhibited a al. 1992; Stein and Kearney 1995). variety of response patterns during the generation of isometric wrist These investigators have characterized reflex circuitry and torque. The response patterns and output effects of 24% of the proposed hypotheses about the functions of specific spinal PreM-INs were consistent with a strict reciprocal organization of pathways during voluntary movement. However, two imflexor and extensor muscle control. For another 60% of the PreM-INs, there was a congruent relation between activity and output portant properties of spinal interneurons are difficult to elucieffects for only one direction of torque production. These neurons date in these types of experiments: the activity patterns of were active for both flexion and extension torques, including 37 spinal neurons under normal conditions of active behavior neurons that exhibited bidirectional increases in discharge rate. and the effect of individual neurons on muscle activation The relatively small number of postspike suppressions observed (Brink et al. 1983; Hongo et al. 1989; Jankowska and Robsuggests that inhibitory interneurons were silent when their target erts 1972; Rudomin et al. 1987; review in Cheney et al. muscles were recruited. Compared with premotor neurons in the 1991). Consequently, despite the crucial role of spinal intermotor cortex, the red nucleus and the C 8 -T 1 dorsal root ganglia, neurons in the control of voluntary movements, many basic spinal PreM-INs affected flexor muscles in greater proportions and had smaller muscle fields. The magnitudes of postspike facilitations questions concerning their function during normal behaviors were similar in all premotor populations. Bidirectional activity, remain unanswered. common for PreM-INs, was rare for corticomotoneuronal and pre-2475 0022-3077/98 $5.00
To address these issues, we recorded the activity of neumotor dorsal root ganglion cells, which discharge only for torques rons in the cervical cord of awake monkeys while they perin their preferred direction. formed a trained forearm task. The methods were adapted from earlier studies of the spinal cord and dorsal root ganglia of awake primates (Bromberg and Fetz 1977; Courtney and 1973; Flament et al. 1992 ). This paper focuses on the output properties of spinal premotor interneurons (PreM-Supraspinal control of voluntary limb movements is medi-INs), identified with spike-triggered averages of muscle acated in large part by descending projections to spinal intertivity . The companion paper (Maier neurons. Anatomic studies have demonstrated substantially et al. 1998) describes the responses of PreM-INs and other denser projections from cortical and brain stem motor areas spinal neurons during movement and their relation to force to intermediate spinal laminae than to motor nuclei (Armand et al. 1997; Bortoff and Strick 1993; Cheema et al. 1984 ; produced at the wrist.
These animals produced ramp-and-hold torques in each direction Recording procedure starting from a maintained torque in the opposite direction ( Fig. 1A) .
Monkey W began each trial by positioning the cursor within a center During recording sessions, the head and vertebral implants were target window, corresponding to zero torque, for 1-4 s. Then a target secured to the primate chair with nylon screws. The implants were window appeared at one of six positions randomly selected from held firmly, but both restraints were somewhat flexible, allowing three flexion and three extension levels. Monkey W produced rampthe animal to make small postural adjustments. Monkey B received and-hold torques in each direction starting from rest (Fig. 1B) .
occasional intramuscular injections of diazepam (2-4 mg) to eliminate excessive movements that jeopardized stable neuronal recordings. These procedures were well tolerated: all monkeys Surgical implants moved voluntarily from their home cages and seated themselves in the primate chair for each day's session. All surgeries were performed with the use of aseptic techniques An X-Y positioning stage and microdrive were mounted on the with the animals under 1-1.5% halothane or isoflurane anesthesia chamber (Fig. 2 ). Activity of neurons in the C 6 -T 1 spinal segments after training was completed. Atropine sulfate was administered was recorded extracellularly with glass-insulated tungsten or Elgipreoperatively; antibiotics (cefazolin, 25 mg/kg) and analgesics loy electrodes advanced through the dura mater under direct visual (ketoprofen, 5 mg/kg) were given postoperatively. Head stabilizaobservation through a dissecting microscope. Neurons were isotion lugs were cemented to the exposed skull with dental acrylic, lated while the monkey performed the isometric wrist task for 2which was anchored to the bone with screws. 5 h/day. Stable recordings of individual neurons could be main-A stainless steel recording chamber was implanted over the tained for ú30 min when the monkey sat quietly. As many as 100 lower cervical spine (Fig. 2) . Following a midline incision, soft tracks were made in each animal during a period of 2-6 mo. None tissue was retracted to expose the lateral masses of the midcervical of the animals exhibited observable behavioral deficits at any time. to upper thoracic vertebrae. The dorsal spinous processes of the C 4 -T 2 vertebrae were removed and a unilateral laminectomy of C 5 -T 1 was performed. Each lamina was removed with a rongeur Spike-triggered averaging of electromyographic activity from its junction with the facet to just past the midline. Bone screws were introduced into the vertebrae, and the recording chamber was Action potentials of individual spinal units were monitored and pulses generated by a time-amplitude window discriminator (Bak positioned over the laminectomy and cemented in place with dental acrylic. The skin and underlying soft tissue were pulled tightly in Electronics). Electromyographic activity (EMG) was recorded differentially and band-pass filtered (30 Hz to 3 kHz). The action layers around the chamber with purse-string sutures. The outer surface of the skin was held in contact with the underside of a potentials of isolated neurons were used to trigger averages of EMG to identify functional connections to muscles (Fetz and small flange near the top of the chamber, protecting the exposed skin margin. The chamber was closed at all times with a protective . Spike-triggered averages (STAs) of full-wave rectified and occasionally unrectified EMGs, digitized at 4 kHz, in-cap except during recording sessions.
In monkeys B and R, vitalium screws were inserted into the cluded ¢20 ms before the trigger time. Only interneurons with STAs compiled from ú2,000 triggers were included in the data intact C 4 -T 2 laminae and the implant remained stable for Ç2 mo. In monkey W, the stability of the implant was extended to 6 mo set; previous experience has demonstrated that such STAs show reproducible effects Fetz et al. 1989 ; with the surgical technique of Anderson et al. (1991) (Fig. 2) .
The implant procedure fused the C 4 -T 2 vertebrae. After recov-Flament et al. 1992; Mewes and Cheney 1991) . STAs from putative motoneurons revealed consistent features in averages from less ery from surgery, the monkeys exhibited a stiffened posture of the upper back, but showed no signs of discomfort nor any neurological spikes, often with only a few dozen triggers (Maier et al. 1998) .
Baseline activity was defined as the average EMG level in the symptoms. The animals' behavior in their home cages returned to near normal and their performance at the trained task quickly first 10-15 ms of the STA. Spike-related changes in EMG were identified as sustained levels above (facilitation, Fig. 3A ) or below reached preoperative levels.
Bipolar electromyographic electrodes were implanted in 10-(suppression, Fig. 3B ) 2 standard deviations (SD) from the baseline mean. The onset and offset latencies of these features were 14 forearm muscles. In monkey W, patch electrodes (Microprobe, imposed on a broad change in average EMG with an earlier onset defined as the times from the start of the averaged trigger spike to ( Fig. 3C ; see RESULTS ). The latency and magnitude of the the first and last bins, respectively, that crossed the 2 SD level. postspike and early components were calculated separately. The STA features could have onsets after (Fig. 3A) or before (Fig. onset and offset of the postspike effect were identified visually as 3B) the triggering spike. The peak latency was defined as the time sharp increases or decreases in average EMG that clearly deviated from spike onset to the highest (for facilitatory effects) or lowest from the underlying early effect (Fig. 3C ). Superimposed features (for suppressive effects) point in the STA feature. Two measures were considered to be separate effects only if they exceeded 2 SD were used to quantify the magnitude of the output effects of the mean activity preceding the sharp transition in slope (after mean percent change the underlying profile of the early effect was subtracted, if appropriate). The mean and peak changes of the postspike effect were measured relative to a base level defined as the average of the EMG levels at the onset and offset times. The magnitude of the Å mean level between onset and offset of output effect 0 baseline mean baseline mean 1 100 early effect was calculated after the postspike effect was replaced with a constant value equal to its base level.
peak percent change
The significance of the STA features was determined by means of a t-test between the data in the baseline and the spike-related Å peak level of output effect 0 baseline mean baseline mean 1 100 effect. The neuron was considered to have an effect on muscle activity if the mean levels during these epochs were significantly different at the P õ 0.01 level. Facilitatory effects were characterized by the mean and peak percent increase in EMG (MPI and PPI) and suppressive effects by Cross-talk between muscle recordings the mean and peak percent decrease (MPD and PPD).
Two distinct types of features were superimposed in the STA Electrical cross-talk between electrodes in two muscles can produce significant features in the STA of one muscle that are actually of some muscles: a sharply rising or falling postspike effect super-FIG . 2. Schematic diagrams of the surgical procedure for implanting a stainless steel chamber over a unilateral laminectomy of the C 5 -T 1 vertebrae and of the system for advancing metal recording electrodes through the chamber into the spinal cord. due to spike-related effects in the other muscle (Fetz and Cheney Response averages 1980; . This cross-talk confounds estimates of the distribution of effects of individual interneurons to different To characterize task-related modulation, we averaged the activmuscles and was identified by cross-correlating muscle activity.
ity of isolated units over many trials of ramp-and-hold torque pro-Motor-unit potentials that exceeded the electrical noise level duction. Histograms of neuronal activity and analog averages of were used to trigger averages of rectified EMG from all muscles, rectified EMG and torque (8-ms bins) were compiled separately including the trigger muscle itself. The ratio of the amplitude of for flexion and extension trials, aligned on the onset of the torque the central peak in the averaged EMG of a nontrigger muscle to ramps. Torque in the flexion direction is represented in all figures the peak amplitude of the self-triggered average was used as a as a positive deflection; extension torques are shown as negative. measure of the independence of two EMG recordings. Central Response patterns were assigned to describe the profile of averaged peaks also could be produced physiologically by synchronous actineural activity (Maier et al. 1998 ). vation of motor units in the two muscles, as commonly occurs in finger muscles of human subjects (Bremner et al. 1991a,b; DeLuca and Mambrito 1987) . We chose the following criterion to distin-Microstimulation guish synchronous firing of motoneurons from electrical cross-talk. All spike-related effects in muscles for which the amplitude ratio Microstimuli were frequently delivered through the recording electrode to determine output effects evoked at localized sites was ú15% were excluded as redundant. Neurons for which STAs were compiled with three or more independent, coactive muscles within the cord. Single-pulse stimuli (200-ms biphasic pulses) of°5 0 mA were used to trigger averages of EMG. Stimulus-triggered are included in the data set (average was 4.6 independent, coactive muscles for both flexors and extensors).
averages were analyzed in the same manner as STAs for isolated R, B, and W, respectively) was modulated during the isometric wrist task (Fig. 1) . These cells were located throughout the gray matter, although more commonly in laminae VI-VII and IX. Twenty-nine cells were classified as motoneurons. They were recorded at depths below Ç2 mm from the surface of the cord and had wide action potentials, low firing rates, and unidirectional activity. Motoneurons are described in the companion paper (Maier et al. 1998) and are not considered further here.
Spike-related effects on muscles
For 134 neurons, STAs revealed significant changes, above or below baseline fluctuations, of spike-related EMG from forearm muscles. Firing rate was modulated during the task for 129 of the neurons and unmodulated for 5. The onset latencies of the STA features were distributed broadly, ranging from 34 ms before to 24 ms after the trigger spike. Postspike effects were defined as sustained changes of average EMG level with onset latencies consistent with monoor oligosynaptic connections to motoneurons. Early spikerelated effects with shorter latencies were attributed to other mechanisms (see DISCUSSION ) .
Postspike effects were distinguished from earlier effects by a latency criterion based on the output effects elicited by intraspinal stimuli. Single-pulse microstimulation in the C 6 -T 1 segments often elicited responses in forearm muscles that were detected by stimulus-triggered averaging (Fig. 4A ). Stimuli were delivered at sites throughout the intermediate and ventral laminae, occasionally at locations where isolated neurons were recorded. The distribution of onset latencies of 884 poststimulus effects elicited from 117 sites in monkeys W and B with stimuli of°30 mA is shown in Fig. 4B . The earliest facilitatory effects probably were due to the (PSF). B: synchrony suppression (SS). C: PSF superimposed on synchrony direct excitation of the proximal regions of motoneuron axons. facilitation (SF). Top: action potential that triggered the STA in A. Signifi-The latency of these effects includes the delay between stimulus cant effects had sustained increases or decreases in average EMG above or onset and neuron discharge, commonly called the utilization below the baseline mean { 2 SD. time. Figure 4C shows an example of stimulus utilization time for a motoneuron, comparing the latencies of its motor-unit units; however, stimulus-triggered averaging yielded reproducible profile in a STA and in a stimulus-triggered average elicited poststimulus features with far fewer triggers, often õ10.
with single-pulse microstimulation at the recording site. Gustaffson and Jankowska (1976) found that cat lumbar motoneu-Histological procedures rons typically were activated 0.2 ms after an extracellular stimu-Near the conclusion of each experiment, we made small electrolus, and we adopted this value as an estimate of stimulus utilizalytic lesions at several sites within the spinal cord by passing DC tion time for cervical motoneurons in the macaque. current (10-30 mA for 1-2 min) through the recording electrode.
Subtracting 0.2-ms utilization from the earliest poststimulus Animals were euthanized with pentobarbital sodium (50 mg/kg latency (2.8 ms, Fig. 4B ) gives an estimate of 2.6 ms as the iv) and perfused with 10% Formalin or 4% paraformaldehyde. earliest possible onset time for a motor-unit potential in a STA The spinal cord was cut into 75-mm sections, which were stained triggered by a motoneuron. A last-order interneuron could proalternately with cresyl violet and Perls iron reaction for the detecduce a postspike effect in a STA with a slight additional delay, tion of iron deposits made with Elgiloy electrodes.
which we estimated to be 0.9 ms: 0.4 ms for conduction time along the interneuron axon (assuming a short conduction dis-R E S U L T S tance), 0.3 ms for synaptic delay at the motoneuron synapse (Jankowska and Roberts 1972) , and 0.2 ms between the onset Neurons were recorded in the C 6 -T 1 spinal segments of three monkeys. Cells exhibiting spontaneous activity while the mon-of the excitatory postsynaptic potential (EPSP) and spike initiation in the motoneuron (Cope et al. 1987 ; Gustaffson and key sat quietly with no visual targets displayed were encountered at all depths of the gray matter. Firing rates were generally Jankowska 1976). Thus we estimated that the synaptic effect of a last-order interneuron on motoneurons could produce higher for dorsal horn cells and ranged widely for cells in the intermediate layers. Spontaneous firing rates ranged from õ1 to postspike effects in STAs of EMG with latencies of ¢3.5 ms. postspike effects, 20 of which had latencies of õ4.5 ms. We use the term ''premotor'' to indicate a functional linkage Neurons classified as last-order interneurons had properties to motoneurons rather than a direct anatomic connection. similar to those of other PreM-INs, and the populations are The majority of postspike effects probably are produced by combined for most of the subsequent description of results. monosynaptic connections to motoneurons (Fetz and Last-order and other PreM-INs are described separately only Cheney 1980). However, the range of conduction times for when their properties differed significantly from each other. motor axons makes it impossible to determine with certainty Figure 5 shows the STAs and response average for a if our longer latency postspike effects are mediated by monofacilitatory interneuron located in lamina VII of the caudal or oligosynaptic connections. A last-order interneuron with C 8 segment. This cell discharged tonically during static tormonosynaptic connections to slowly conducting motoneuques in both directions with a higher rate for flexion torques rons could produce postspike effects with onset latencies (top right). The STAs of EMG for three coactive muscles equal to, or longer than, those produced by a PreM-IN with reveal sharply rising postspike facilitations in the PT and disynaptic connections to very fast conducting motoneurons.
FCU muscles and no effect in FDP. We are sure that the earliest postspike effects were medi-Data from an inhibitory PreM-IN located in the rostral T 1 ated by monosynaptic contacts on motoneurons. We estisegment are shown in Fig. 6 . This neuron exhibited a phasic mated that an additional synapse between a PreM-IN and a increase in discharge during extension torque ramps, supermotoneuron would add a delay of ¢1 ms to the earliest imposed on a steady background firing rate. The STAs show possible latency for postspike effects on EMG (0.5-ms cona postspike suppression of the ED-4,5 muscle. duction along the PreM-IN axon, 0.3-ms synaptic delay, Postspike effects did not always appear on flat baseline 0.2-ms EPSP-spike initiation in the interposed interneuron).
activity as in Figs. 5 and 6. The STAs of 25 PreM-INs Thus postspike effects with onset latencies of ¢3.5 and õ4.5 exhibited postspike facilitations that were superimposed ms were certainly due to monosynaptic connections to motoon broader, more slowly rising changes in EMG with onset neurons. PreM-INs that produced a postspike effect in at latencies of õ3.5 ms. The neuron in Fig. 7 produced least one muscle with a latency of õ4.5 ms were classified postspike facilitations in three independently recorded as last-order interneurons. Although longer latency postspike flexor muscles ( ᭝ ) . In FDS and FCU, these effects were effects could be mediated by oligosynaptic connections, the superimposed on early facilitations with onset latencies of majority are likely to be monosynaptic (see DISCUSSION ). STAs and response averages of a facilitatory premotor interneuron (PreM-IN) located in lamina VII of caudal C 8 . Data were collected during the alternating task. Left: triggering action potential above the STAs of EMG in 3 independently recorded coactive muscles. *Muscles with significant postspike effects. STAs are plotted with the variances in baseline activity normalized to the STA of the muscle with the largest postspike effect (PT). Right: average activity of the neuron during flexion torques above the average torque trajectory (positive torque in flexion, negative torque in extension) and average responses of the coactive muscles. Neuron exhibited tonic firing during static torques, at a higher rate for flexion. Respective data for PT and flexor carpi ulnaris (FCU): mean percent increase (MPI), 5.0 and 3.9%; peak percent increase (PPI), 9.9 and 5.9%; onset latency, 3.6 and 3.5 ms; peak latency, 8.1 and 5.9 ms; duration of postspike facilitation, 13.0 and 9.3 ms. fied by dividing the number of muscles with postspike effects by the number of independent, coactivated muscles that were Distribution of postspike effects in muscles recorded simultaneously. This ratio had a mean of 33% for Postspike effects were present in only one of the coacti-PreM-INs; ratios were similar for neurons that facilitated or vated muscles for 64 of the 100 PreM-INs (e.g., Figs. 6 and suppressed target muscles. 8). The other PreM-INs had larger ''muscle fields'': 22 had Postspike effects were twice as common in flexor as in postspike effects in 2 muscles (e.g., Fig. 5 ) and 14 produced extensor muscles ( Fig. 9 ). Of the 100 PreM-INs, 58 had effects in ¢3 muscles. Most PreM-INs with multiple target postspike effects in flexor muscles only (including PT), muscles (25/36) produced postspike effects only in coactive whereas 29 had effects in extensor muscles only (including APL), 11 had effects in flexors and extensors, and 2 had muscles (i.e., the 5 primary flexor muscles plus PT during flexion torques or the 5 primary extensor muscles plus APL effects in BR. Of the 161 postspike effects for all PreM-FIG . 6. STAs and response averages of an inhibitory PreM-IN in rostral T 1 ; format as in Fig. 5 . Cell fired phasically during extension torques and produced a postspike suppression in the extensor digitorum-4,5 (ED-4,5) muscle. mean percent decrease (MPD), 08.5%; peak percent decrease (PPD), 012.0%; onset latency, 9.3 ms; peak latency, 16.8 ms; duration of postspike suppression, 13.5 ms. Note that on average postspike facilitations and suppressions had similar rise times (Table 1) INs, 101 (63%) were in flexor muscles. This proportion was suppressions for other PreM-INs ( Table 1 ) . Seventy-nine similar for postspike facilitation and suppression (Table 1 percent of all postspike effects peaked within 3.5 ms of and Fig. 9 ).
onset and had durations of õ8.0 ms ( Fig. 11 , E and F ) . There was a slight tendency for postspike effects to occur Some effects lasted ú10 ms, and in a few cases, the STAs more often in muscles with primary action on the fingers. showed two clear peaks in the averaged EMG. Postspike For the flexor muscles, the number of effects ranged from features with long durations may reflect PreM-IN connec-15 in FCR to 21 in FDS; only 7 effects were seen in PT. tions to fast and slow motor units or the combined effects The number of postspike effects observed in ED-2,3 (n Å of mono-and oligosynaptic connections to motoneurons. 18) was higher than in the other extensor muscles, which Neurons classified as last-order interneurons exhibited ranged from 5 effects in APL to 11 in EDC.
postspike effects with longer durations in flexor muscles ( but not in extensor muscles ) and longer rise times than other PreM-INs. There were no other significant differ-Parameters of postspike effects ences in the timing of postspike effects in flexor and extensor muscles ( Table 1 ) . Postspike effects had a wide distribution of onset times,
The magnitudes of postspike facilitations (mean MPI Å with a mean latency of 7.4 { 3.5 ( SD ) ms ( Fig. 11 A ) . 4.6%) and suppressions (mean MPD Å 04.2%) were simi-Facilitatory and suppressive effects had similar onsets for lar, as were the peak percent changes (Table 1) . There was neurons classified as last-order interneurons, but postspike facilitations tended to have earlier onsets than postspike no significant difference between the magnitudes of The discharge rate of 92 PreM-INs increased during torque production in one or both directions. The preferred direction for these cells was taken as the direction of torque for which the neuron's firing rate increased the most. Five other PreM-INs exhibited only a decrease in firing rate associated with one direction of torque, either phasically in the alternating task or tonically relative to the activity during zero torque in the center-out task. For these cells, torque in the direction opposite to that in which the firing rate decreased was considered the preferred direction. Finally three PreM-INs exhibited an unmodulated, steady discharge rate that was not related to flexion/extension torque generated at the wrist. No preferred key produced torque in the direction opposite to their preferred direction (e.g., Fig. 1A) , whereas 74 were active for postspike effects in flexor and extensor muscles ( Table 1) both directions of torque. Of these 74 cells, 37 exhibited or among effects in the three monkeys.
increases in activity for both flexion and extension (e.g., Fig. 10 ), 34 fired tonically when torque was produced in the direction opposite to its preferred direction (e.g., Fig. 5 . Neuron had tonic background firing for maintained torques, with discharge rate higher for flexion than extension torques, and a phasic increase in rate at the onset of torques in either direction. Postspike facilitation was produced in extensor digitorum communis (EDC), abductor pollicis longus (APL), extensor carpi radialis (ECR), and FDP. First peak in ECR is a posttrigger early effect (latency 2.6 ms). MPI and PPI of effects are 8.7 and 14.0% in EDC, 2.5 and 3.9% in APL, 3.5 and 5.5% in ECR, and 4.7 and 9.0% in FDP. Values are { SD. * Includes one additional postspike facilitation and one postspike suppression in brachioradialis. † Includes one additional early facilitation and four early suppressions in brachioradialis. MPI and MPD, mean percent increase and decrease; PPI and PPD, peak percent increase and decrease.
J977
The relation between a PreM-IN's activity pattern and the for torques in one direction and completely silent for torques in the opposite direction. Excitatory inputs from PreM-INs postspike effects it produces in target muscles (Fig. 12 ) delimits the neuron's possible functions. Motoneurons in-with similar activity patterns are suitable for directly driving motoneuron output. Twenty-four PreM-INs had firing pat-nervating primary flexor and extensor muscles fired in a strictly reciprocal pattern during the task: they were activated terns and output effects that matched these criteria (open box in Fig. 12 ). An example of this type of PreM-IN is Location of PreM-INs shown in Fig. 7 . This neuron discharged during flexion tor-Recordings were made primarily in C 8 -T 1 in monkey B, ques, was silent during extension, and produced postspike in caudal C 7 -C 8 in monkey R, and in C 6 -C 7 in monkey W. facilitations in coactive flexor muscles.
The approximate position of PreM-INs in the transverse An additional 60 PreM-INs were activated for directions plane of the spinal cord was estimated for monkeys B and of torque that were consistent with their output effects W (Fig. 13 ), in which iron deposits were recovered in histobut had additional response components that cannot be logical sections. Each cell's mediolateral position was deterexplained by a strictly reciprocal control of flexion / extenmined by the relation of the recording track to the lesion sion movements ( shaded circles in Fig. 12 ) . For example, tracks. We could not reliably estimate the dorsoventral posialthough the preferred direction of many facilitatory PreMtion of neurons on the basis of these lesions because we did INs was the same as the ''on'' direction of the facilitated not have a consistent dorsoventral reference from track to muscles, these neurons, unlike their target muscles, were track. Instead, we estimated the depth of the neuron by mapnot silent for the opposite direction of torque. This cateping its position relative to the depth of the first and last gory includes PreM-INs that cofacilitated, cosuppressed, clearly recorded somatic activity within the track onto the or had reciprocal effects on flexor and extensor muscles.
outline of the gray matter at the appropriate mediolateral The postspike effects produced by these neurons contribcoordinate. uted to the activation of agonist muscles or the inhibition of Most PreM-INs were located in the intermediate laminae antagonist muscles for one direction of torque but provided of the ventral horn (Fig. 13) . A few PreM-INs were found inputs to motoneurons that were incongruent with their in the dorsal horn, although it is possible that our mapping target muscles' activity during the opposite direction of procedure underestimated their depth in the cord. There was torque ( e.g., Fig. 10 ) .
no clear relation between the output properties of PreM-INs Finally, 12 neurons had seemingly paradoxical activity and their location. Neurons classified as last-order interneupatterns in light of their postspike effects ( dark triangles rons were not localized to specific regions of the gray matter. in Fig. 12 ) . For example, four neurons had slow background activity during flexion torques and increased firing rates during extension torques, yet produced postspike Spike-related effects with early onsets facilitations in primary flexor muscles. None of these 12 neurons were classified as last-order interneurons; all last-TIMING. The STAs of 72 neurons exhibited spike-related effects with onset latencies of õ3.5 ms. A total of 138 early order interneurons had activity that was congruent with the cell's postspike effects for at least one direction of effects were seen.
Early effects were subdivided into three groups on the torque. . See text for details of reconstruction method. One motoneuron appears to be located in lamina VI or VII, which probably reflects a limitation of this procedure. basis of their timing relative to the trigger spike ( Fig. 14) . STAs were PreM-INs, with postspike and earlier effects in Synchrony effects (᭺, 59%, 81 effects for 45 neurons) stradthe same or different muscles. Postspike effects often were dled the trigger time, having onsets before and offsets after superimposed on either synchrony or early-posttrigger efthe trigger (Figs. 7, 8, and 15, A and B) . Early-posttrigger fects in individual muscles ( Figs. 7 and 8) . The remaining effects (l, 19%, 27 effects for 24 neurons) had onsets that 34 neurons associated with early effects had no identifiable occurred after the trigger but were too early (õ3.5 ms) to postspike effect in any recorded muscle. be classified as postspike effects. Pretrigger effects ( , 22%, Although most early effects were purely facilitatory or 30 effects for 22 neurons) began and ended entirely before suppressive (Figs. 7, 8, and 15, A and B) , the STAs of 14 the occurrence of the triggering action potential. A few large, neurons exhibited multiphasic early effects. In all cases, a consistent pretrigger effects had onset latencies of less than phase of suppression was followed immediately by a phase 020 ms (Fig. 15, E and F) .
of facilitation (Fig. 15C) , with the transition usually oc-Thirty-eight of the neurons exhibiting early effects in curring within a few milliseconds of the trigger time. In a few cases, two or more cycles of suppression followed by facilitation were repeated ( Fig. 15D ), suggesting an oscillatory pattern in the EMG. In such cases peaks in average EMG recurred with periodic frequencies of 25-45 Hz. None of the neurons associated with multiphasic early effects had periodic autocorrelogram peaks. It has been suggested that troughs preceding postspike facilitations in STAs of EMG can be due to the interspike intervals of the triggering neuron (Lemon and Mantel 1989; McKiernan and Cheney 1993) . We recompiled STAs with biphasic effects straddling the trigger time using only triggers preceded by a long interspike interval (30-50 ms). If the initial suppression of EMG was related to a trough in the neuron's autocorrelogram (Fig. 15, insets) , this procedure would increase the duration of the suppressive phase. However, there was no significant change in the shape or duration of the effects. PARAMETERS AND DISTRIBUTION. Early spike-related effects had, on average, slower rise times, longer durations (Fig. 11,  E and F) , and larger magnitudes than postspike effects (P õ 0.01; Table 1 ). The rise times of early-posttrigger effects (mean Å 4.1 ms) tended to be shorter than those of synchrony FIG . 14. Onset times plotted against offset times for all early effects. effects (mean Å 6.5 ms) but longer than those of postspike Effects that straddle the trigger time are classified as synchrony effects (᭺); effects (2.1 ms). effects entirely after the trigger are classified as early-posttrigger effects Early facilitatory effects tended to be significantly (P õ 0.05) ( q ); effects entirely before the trigger are classified as pretrigger effects ( ). larger and longer in duration and had later onsets than early suppressive effects (Table 1 ). In addition, the average early nal interneurons: their effects on muscle activation and their activity patterns during normal voluntary movements. In this effect in flexor muscles had a larger MPI, peaked later, and lasted longer than the average effect in extensors (P õ 0.05). paper, we focused on the first objective by characterizing the effects of individual PreM-INs on the firing probability Early effects had a similar distribution to flexor and extensor muscles and affected roughly the same proportions of of forearm muscles. In the companion paper, we addressed the second issue in more detail. Here, we compare our results muscles as postspike effects (Fig. 16 ). The majority of early effects were facilitatory (Table 1) and appeared in flexor on the postspike effects of spinal interneurons with previous data from supraspinal and afferent premotor neurons ob-muscles, although the proportion in extensors was slightly higher than for postspike effects. Early effects were not pref-tained under similar conditions and with data from spinal interneurons obtained in anesthetized or decerebrate animals. erentially distributed to any of the primary flexor or extensor muscles, although the carpi radialis muscles had a higher Then we discuss the implications of these results for the control of motoneuron activity during voluntary wrist move-incidence of multiphasic effects than other muscles. ments. Before addressing these issues, we consider the syn-D I S C U S S I O N aptic linkages that produce the postspike effects. Our goals in this study were to provide the first direct information on two functionally significant properties of spi-Synaptic pathways mediating postspike effects By our estimate, the shortest possible latency of STA features that could be mediated by monosynaptic connections of spinal interneurons to fast conducting motor units is 3.5 ms. This estimate is based on the latency of stimulusevoked effects (Fig. 4) and is consistent with available data on the timing of synaptic transmission and spike initiation in motoneurons (Gustaffson and Jankowska 1976; Jankowska and Roberts 1972) , motor axon conduction velocities in monkeys (°90 m/s) (Carp 1992; Eccles et al. 1968; Gilliatt et al. 1976) , and the estimated length of forearm motor axons (20-35 cm) in the three monkeys of this study.
Last-order interneurons can produce effects in STAs of EMG with much larger latencies for several reasons. Interneuron axons with slower conduction velocities (as low as 20 m/s for stem axons) ) and longer conduction distances (C 7 -T 1 motoneurons extend over Ç2.5 cm in macaques) (Jenny and Inukai 1983) can account for delays of several milliseconds. Even more importantly, the size of the affected motoneurons determines the conduction time along the motor axon, which is a significant component of the onset latency of postspike effects. Many large, fastconducting motoneurons may not be activated at the low force levels used in these experiments. Differences in conduction velocities of slow-and fast-twitch motoneurons Gilliatt et al. 1976 ) can contribute differences in onset delays spinal PreM-INs may have more focused effects on motor pools than supraspinal cells and segmental afferents and thus of Ç5 ms (for motor axons 35 cm long) for postspike effects produced by PreM-INs projecting selectively to small versus may exert more fractionated control of muscles than do CM, RM, and DRG cells. large motoneurons (Garnett and Stephens 1980; Heckman and Binder 1988) . Thus postspike effects that begin°10
One technical issue must be considered in these comparisons with previous STA studies. Synchrony effects were ms after the trigger time still could be mediated by monosynaptic connections to motoneurons (Kasser and Cheney less obvious for CM and RM cells and therefore were not distinguished as carefully from postspike effects .
Some postspike effects, particularly those with onset la Kasser and Cheney 1985; Mewes and Cheney 1991) . Comparing the latency of the postspike effects with tencies of ú10 ms, were probably mediated by oligosynaptic pathways. STAs of EMG have revealed inhibitory linkages poststimulus effects elicited by single microstimuli in the cortex or red nucleus Mewes and from motor cortical (Kasser and Cheney 1985) and rubral (Mewes and Cheney 1991) neurons and excitatory linkages Cheney 1991) suggests that the short-latency STA features of CM and RM cells did include synchrony effects. Conse-from thalamic neurons (Mewes and Cheney 1990) to forearm muscles. These effects are at least disynaptically medi-quently, the muscle field sizes of CM and RM cells may have been overestimated by inclusion of muscles for which ated. Short onset latencies can result from disynaptic pathways with short conduction distances to fast-conducting mo-STAs exhibited purely synchrony effects. Synchrony and postspike effects were differentiated for DRG afferents (Fla-toneurons. We estimated that postspike effects in EMG with latencies of ¢4.5 ms could be mediated by disynaptic path-ment et al. 1992), so their muscle fields and those of PreM-INs are directly comparable. ways.
Given the extensive overlap between the possible onset The distribution of postspike effects from PreM-INs to flexor and extensor muscles also differed from the output times of postspike effects mediated by mono-and disynaptic connections to motoneurons, we used a stringent criterion patterns of the other premotor populations (Fig. 17) . PreM-INs influenced the activity of flexor muscles twice as often to classify last-order interneurons. Other PreM-INs had potentially oligosynaptic linkages to motoneurons, but most as extensor muscles, although the magnitudes of the effects were similar. CM ; Kasser and of them probably exerted influences on motoneuron firing through slower monosynaptic pathways. and DRG (Flament et al. 1992 ) cells generated postspike effects equally in flexor and extensor muscles, and RM cells generated effects more often in extensor mus-Distribution of postspike effects in muscles cles than in flexors (Belhaj-Saif et al. 1998; Mewes and Cheney 1991) . In addition, the magnitude of postspike ef-The majority of PreM-INs had postspike effects in only one target muscle. This was somewhat surprising in light of fects produced by CM cells was greater in extensor muscles than in flexors . It is possible that previous data from spinal interneurons and other premotor neurons.
the preferential distribution of postspike effects to flexor muscles reflects a sampling bias of our interneuron re-Intracellular staining and electrophysiological mapping of a few types of last-order interneurons have revealed wide-cordings. For example, forearm flexor muscle motoneurons are located more rostrally than extensor motoneurons in the spread branching of axon collaterals and postsynaptic potentials produced in motoneurons of more than one muscle in cervical enlargement (Jenny and Inukai 1983) . However, the rostrocaudal distribution of PreM-INs with effects on the lumbosacral (Cavallari et al. 1987; Czarkowska et al. 1981; Jankowska and Roberts 1972) and cervical (Hongo flexor versus extensor muscles showed no clear difference.
Alternatively, extensor muscles may be controlled more et al. 1989) cord of cats. This may represent a difference in the organization of primate cervical and feline lumbar spinal directly by supraspinal inputs and flexor muscles more directly by spinal interneurons. Differential control of specific circuits or may be due to our sampling of different species of interneurons. Alternatively, interneurons with widespread muscle groups is typical of many premotor pathways (Buys et al. 1986; Cangiano and Lutzemberger 1972; Clough et al. axonal branching may produce postspike effects in only one muscle for several possible reasons. Some anatomic connec-1968; Wilson and Peterson 1981) . The preferential linkages of PreM-INs to small numbers of forearm flexors may reflect tions may produce postsynaptic potentials that are too small to produce postspike effects that rise above the background a greater involvement of spinal processing in the control of individual muscles or small groups of muscles during diverse EMG level (Cope et al. 1987) or are in motor units that are not sampled by the EMG electrodes. It is also possible that grasping movements of the hand and less influence over more stereotyped hand opening and wrist extension move-presynaptic inhibition of interneuron terminals (Aggelopoulos et al. 1997 ) during normal behavior (Hultborn et ments.
The flexor bias of PreM-INs recalls the original formula-al. 1987) decreases the effectiveness of the synapses from specific axonal branches. Finally the interneurons could have tion of the ''flexor reflex afferent '' system (Eccles and Lundberg 1959; Sherrington 1910) , and many PreM-INs with branches to large motoneurons that were inactive for the task used in this study. facilitatory postspike effects in flexor muscles may be interneurons mediating flexion reflexes. The widespread flexion Premotor neurons in motor cortex (CM cells) Kasser and Cheney 1985) , red nucleus (RM reflexes elicited by activation of diverse afferent pathways in spinalized animals suggest that spinal interneurons exert cells) (Mewes and Cheney 1991) , and C 8 -T 1 dorsal root ganglia (DRG cells) (Flament et al. 1992 ) have more diver-more control on flexor than extensor motoneurons. However, it is clear that the interneurons that mediate flexion reflexes gent facilitatory outputs than PreM-INs (Fig. 17) Fig. 9 ) and premotor populations previously studied in the motor cortex, red nucleus, and dorsal root ganglia under similar behavioral conditions. Percentages of total number of premotor neurons are listed and depicted as relative area of associated balloon. Relative size of average muscle fields for postspike facilitations and postspike suppressions (considered separately, even when produced by individual neurons with reciprocal output effects) as a percentage of the number of independent, coactive muscles are shown (right) for each population.
are used for a variety of other movements under different those produced by CM (Kasser and Cheney 1985) and RM cells (Mewes and Cheney 1991) . This suggests that sup-behavioral conditions McCrea 1992) . Because the monkeys in our study produced extension tor-pressive PreM-INs were probably last-order inhibitory interneurons. ques as often as flexion torques, it appears that interneurons in the primate cervical spinal cord are organized preferentially to influence the activity of flexor motoneurons.
Activity patterns of Prem-INs The different distributions of postspike effects for PreM-INs and other premotor cells appear to be independent of the The discharge patterns of spinal interneurons during isometric torque production at the wrist share many features size of the effects. Facilitatory PreM-INs produced postspike effects that were comparable in magnitude with those of CM with those of motoneurons of primary wrist flexor and extensor muscles (Maier et al. 1998 ). However, motoneurons Kasser and Cheney 1985) and DRG (Flament et al. 1992 ) neurons and only slightly larger than discharge only when the monkey produces torque in one direction. In contrast, 74% of PreM-INs (71% of neurons those of RM cells (Mewes and Cheney 1991) . On the other hand, postspike suppressions produced by spinal PreM-INs classified as last-order interneurons) maintained at least some background activity during torques in both directions had a shorter mean latency and a larger mean amplitude than and thus are not organized into simple, reciprocally firing typically last 10-20 ms (Fetz et al. 1991 for cortical neurons; Prut et al. 1996 for spinal interneurons) . Such interac-pathways.
Bidirectional increases in discharge rate or residual activ-tions among spinal cells would produce output effects dispersed in time by more than the conduction delay of motor ity during arm or finger movements in the nonpreferred direction are common for rubrospinal neurons (Gibson et al. axons. 1985; Mewes and Cheney 1994) , uncommon for DRG cells Biphasic and oscillatory synchrony effects (Fig. 15 , C and and motor cortical neurons during single joint movements D) were not related to features of the autocorrelogram of (Crutcher and Alexander 1990; Evarts 1968; Flament et al. the triggering interneuron. In many cases, the suppression 1992; Murphy et al. 1982; Thach 1978) , and virtually absent of EMG was as large as the subsequent facilitation ( Fig. for CM cells projecting to forearm muscles (Cheney and 15C) , yet the autocorrelograms of spinal interneurons did . In their study on hand movements, Gibson et not show central peaks preceded by troughs of comparable al. (1985) found that magnocellular red nucleus neurons had dimensions. The firing rates of many neurons associated with little resting discharge when monkeys were not making accomplex synchrony effects also appeared too high to account tive muscle contractions. Similarly Mewes and Cheney for the long-duration suppressions that were observed (1994) reported that the background activity of RM cells (Lemon and Mantel 1989) . In addition, two analytic tests decreased substantially when the monkeys were not actively performed on the data (selective triggering with spikes preengaged in the task. We occasionally observed that spinal ceded by long intervals and deconvolution of STAs with the interneurons with activity during zero or nonpreferred torautocorrelogram of the triggering cell) failed to show any ques had significantly decreased discharge rates during significant influence of autocorrelogram features on ''time outs'' when the target displays were turned off and multiphasic synchrony effects. This suggests that these comthe monkey was distracted from the task. In the flexion/ plex STA features reflect the activity in a population of extension task, the activity of PreM-INs for zero and nonprepremotor neurons that only weakly entrains the trigger cell. ferred torques and of RM cells for nonpreferred torques Synchronous activity has been demonstrated in many dif- (Mewes and Cheney 1994) may represent a generalized inferent sensory and motor areas of the brain (e.g., Sanes creased excitability related to the generation of movement. and Donoghue 1993; Singer 1993; Welsh et al. 1995) and Apparently this increased excitability was not evoked by the between motor units of the same and different muscles behavioral paradigms of Gibson et al. and is absent in CM (Bremner et al. 1991a; Datta and Stephens 1990; DeLuca and DRG neurons. and Mambrito 1987; Sears and Stagg 1976) . Motor-unit synchronization in human hand muscles is associated with Early spike-related effects in EMG coherent firing at a frequency of 16-32 Hz, suggesting that common inputs fire rhythmically (Farmer et al. 1993 ). This Several mechanisms can account for STA features with is consistent with reports of periodic features in the activity onset times that are too early to be mediated by monosynapof corticospinal pathways (Baker et al. 1997; Conway et al. tic connections from the trigger neuron to motoneurons (Fig. 1995; Murthy and Fetz 1996) . 18A), as shown schematically in Fig. 18 , B-E.
Our data suggest that some spinal interneurons, including SYNCHRONY EFFECTS. The majority of early effects began PreM-INs, also exhibit synchronous and oscillatory activity before and ended after the occurrence of the triggering action during voluntary movements. The highly divergent nature potential. Such effects are similar to the zero-delay peaks of projections to the spinal cord (Baldissera et al. 1981;  found in cross-correlograms of the activity of neighboring Jankowska 1992), the similarity between synchrony effects neurons in many areas of the CNS Singer in STAs triggered from spinal interneurons and DRG neu-1993) . These central peaks are evidence of common synaptic rons (Flament et al. 1992) , and the similarity between the input that increases above chance the probability that the frequencies of oscillatory features in STAs triggered from two neurons will discharge synchronously (Kirkwood and interneurons and motor cortex (Baker et al. 1997; Murthy Sears 1978) . Analogously, peaks (or troughs) that straddle and Fetz 1996) suggest common afferent and descending the trigger time in STAs of EMG may reflect common input inputs to spinal interneurons. In conclusion, synchrony feato the recorded cell and to another neuron with an excitatory tures in STAs of EMG probably represent the collective (or inhibitory) synaptic connection to motoneurons ( Fig. activity of premotor circuits that affect the triggering cell. 18C) (Flament et al. 1992) .
Our data suggest a model of spinal premotor circuitry in This conclusion is supported by the longer mean rise time which a network of interconnected interneurons receives of synchrony effects (6.5 ms) compared with postspike efcommon supraspinal and feedback signals that tend to profects (2.2 ms). The STA of a neuron firing synchronously duce synchronized, occasionally rhythmic, firing of interneuwith a premotor cell can be predicted by the convolution of rons and motoneurons (Fig. 18E) . the postspike effect of the premotor cell with the cross-OTHER EARLY EFFECTS. Early STA features that do not correlogram of activity between the two neurons. Central straddle the trigger time probably are not due to the synpeaks in the cross-correlogram disperse the postspike effect chronous firing of the recorded cell and premotor neurons, in time, producing a rise time longer than that of the underlyas this would require highly unlikely relations between the ing postspike effect.
firing of these neurons. For example, effects with onsets It might be expected that the conduction time of action earlier than 10 ms before the trigger time would require potentials along motor axons would delay the onset time of common inputs that reliably drive neurons through three synchrony effects in STAs until after the trigger. However, cross-correlogram peaks of the activity of pairs of neurons or more synapses. Instead, pretrigger effects may represent sensory re-neuron. The only interneuron known to be excited by motoneuron collaterals is the Renshaw cell, which exerts recurrent sponses of interneurons receiving input from afferents that discharge in close association with individual motor units inhibition on the same motoneurons (see Baldissera et al. 1981) . Early-posttrigger effects were not accompanied by or groups of motor units (Fig. 18D) . For example, interneurons that receive strong input from Golgi tendon organs tend later postspike suppressions of the target muscles, but STAs from Renshaw cells would not necessarily reveal the recur-to fire at a relatively fixed latency after discharge of the motor units in series with those receptors. These motor units rent inhibition. The greater efficacy of the cell's excitatory input from motoneurons relative to the efficacy of its inhibi-will appear in a STA as an increased level of EMG before action potentials of this interneuron. Inputs from muscle tory output to motoneurons (see Baldissera et al. 1981) , could produce a STA with an early effect that masks the spindle afferents activated by beta motoneuron discharge could generate similar STAs. recurrent inhibition. Early-posttrigger effects (Fig. 18B ) could be produced by inputs from collaterals of motor axons or PreM-INs. The Control of motoneuron activity onset latency of the STA feature represents the difference between the conduction delay from the motoneuron or PreM-
The firing pattern and output effects of 24 PreM-INs were well matched to the alternating activation of forearm muscle IN to the recorded cell and the delay to the muscle fibers. These circuits would produce spike-related effects with post-motoneurons during the task: they facilitated primary flexor or extensor muscles, were active when their target muscles trigger latencies shorter than those of the PreM-IN or moto-were active, and were silent for torques in the opposite direc-muscles were suppressed. Ia inhibitory interneurons probably were included in this group-only one PreM-IN (shaded tion. However, 71 PreM-INs with postspike effects in primary wrist movers were active for both directions of torque circle in Fig. 12 , ''Sup antag'' column and ''high-low'' row) had properties expected of this neuron type (Jankowska and/or had postspike effects that were not simply correlated with the cell's firing pattern during the task (Fig. 12) . Re-1992) . ''Unidentified interneurons'' with strictly alternating activity patterns, described in the companion paper [Maier sponses often matched target muscle activity for torques in one direction, but for opposite torques these neurons either et al. (1998), in Table 2, the 84 U-INs (20% of U-INs) with ''no activity'' in the nonpreferred direction], probably facilitated muscles that were silent or inhibited muscles that were actively recruited.
include inhibitory PreM-INs. This conclusion suggests a difference in the organization of excitatory and inhibitory inputs The widespread subthreshold facilitatory input from PreM-INs to motoneurons may serve as an excitatory bias to cervical motoneurons. Excitatory effects seem to be distributed to all wrist muscles during wrist movements, that keeps motoneuron membrane potentials close to threshold under movement conditions. Biasing inputs would make whereas specific inhibitory effects sharpen the reciprocal activation of flexors and extensors. activation of motoneurons easier and would decrease reaction times. The subthreshold excitation of motoneurons of
We found very few PreM-INs with reciprocal output effects on flexor and extensor muscles. This represents an muscles that are not recruited for a particular movement would increase their sensitivity to sensory inputs when they interesting difference between spinal PreM-INs and the other three populations of premotor neurons studied under similar might otherwise be deeply inhibited. This hypothesis is consistent with our observation that the background activity of conditions (Fig. 17 ). Kasser and Cheney (1985) demonstrated that 28% of CM cells produce reciprocal postspike some PreM-INs decreased at times when the animal was not waiting for a movement cue (i.e., visual targets not suppressions in antagonists of their facilitated target muscles.
They activated CM cells with glutamate iontophoresis during presented). PreM-INs with tonic, unmodulated activity during the task are particularly suited to this biasing function. movements in their nonpreferred direction, when they were normally silent. Among RM cells, 29% also had reciprocal Incongruent relations between a neuron's firing pattern and output effects also could result from synaptic inputs that effects (Mewes and Cheney 1991) . Although not tested with glutamate activation, most DRG cells, which were likely Ia are organized to control movements other than wrist flexion or extension. For example, PreM-INs that cofacilitate flexor afferents (Flament et al. 1992) , also would be expected to exert reciprocal inhibition through the Ia inhibitory in-and extensor muscles may be activated maximally during cocontraction tasks. The recruitment of these neurons during terneuron (Baldissera et al. 1981) . In contrast, only 4% of the spinal PreM-INs had reciprocal effects on flexor and alternating flexion/extension would suggest that cocontraction and reciprocal motor patterns are generated by common extensor muscles. This is probably an underestimate: some of the 24 unidirectionally active PreM-INs (Fig. 12 ) might supraspinal or interneuronal pathways (Feldman 1981; Humphrey and Reed 1983) . Because most PreM-INs facili-have exhibited reciprocal effects if tested with glutamate activation. Nonetheless, the reciprocal control of flexor and tated muscle activity, it appears that these shared pathways are primarily excitatory.
extensor muscles seems to be determined largely by supraspinal inputs during wrist movements. Clearly the incongruent facilitatory input is insufficient to activate motoneurons that are not being recruited, probably
Our description of interneuronal responses in this paper has focused on the relation between the activity of PreM-for two reasons. First, the firing rate of most PreM-INs was significantly higher for their preferred directions of torque INs and the direction of torque produced at the wrist. Spinal interneurons not only exert control over the timing of moto-than for nonpreferred directions. Thus the level of excitation of motoneurons for opposite torques is reduced significantly. neuron activity but also help determine the firing pattern and rate at which motoneurons discharge. These aspects of the Second, extensive inhibitory inputs to motoneurons (Baldissera et al. 1981) counter the inappropriate excitation pro-parametric control of motoneuron activity, which determine the time course and level of torque exerted at the joint, are duced by facilitatory PreM-INs during movements in which the target muscles are not recruited. Alternatively, for incon-described in the following paper (Maier et al. 1998) . gruent postspike effects that are mediated by disynaptic con-
